Objective: Recent reports suggest that ghrelin regulation may differ by ethnicity and age. This study was designed to examine circulating ghrelin among overweight female African Americans across different age groups. Methods: Eleven overweight peripubertal girls, 17 overweight pubertal girls, and a control group of 18 overweight AfricanAmerican premenopausal women ingested a standard liquid meal after an overnight fast. Blood samples were obtained before the meal and for 4 h postchallenge. Participants rated appetite by a visual analog scale. Results: Peripubertal girls demonstrated higher postprandial ghrelin and lesser ghrelin suppression compared with adults (p < 0.05), corresponding with greater desire to eat across the test period (p = 0.017). Fasting ghrelin tended to be inversely related to fasting estradiol (r = -0.264, p = 0.076). Conclusion: Compared with overweight African-American women, peripubertal girls had higher ghrelin as well as greater appetite after a standard meal. These results may suggest a dysregulation in ghrelin refl ective of demands of growth.
Introduction
Ghrelin is a peptide hormone produced mainly in the stomach (1) . Although fi rst recognized as a secretagogue of growth hormone (2) , it is now well-established that ghrelin binding to receptors in the hypothalamus also stimulates hunger and food intake (3) . Recent evidence suggests that the susceptibility for obesity and weight-loss recidivism may relate to inappropriate regulation of gut hormones such as ghrelin (4) , and ghrelin ' s orexigenic properties have sparked interest in potential diet and pharmaceutical interventions that would counteract its effects on appetite (5) . However, for such interventions to be effi cacious, it is important to fi rst identify factors that affect ghrelin secretion and to discern whether ghrelin regulation may differ among different populations.
To date, ghrelin has been best characterized among European-American adults. However, limited evidence suggests that circulating ghrelin levels may be higher in European Americans compared with individuals of other ethnicities (6 -8) , and lesser ghrelin suppression has been shown among African Americans compared with European Americans (9, 10) . It is plausible that ethnic differences in circulating ghrelin relate to differences in other hormones. For instance, insulin (11, 12) and estradiol (13, 14) have been reported to decrease circulating ghrelin, and previous studies have reported higher blood concentrations of both insulin (15, 16) and estradiol (17) among African-American vs. European-American females, independent of body weight.
Given inverse associations between ghrelin and estradiol, it seems likely that circulating ghrelin would decrease after females reach reproductive maturation; however, there is a gap in the research evaluating changes in ghrelin with age. One study among boys and girls (ages 5 -18 years) in the UK reported that ghrelin was inversely associated with age and pubertal stage (18) . Another comparison of Italian children (ages 8.5 ± 1.3 years) to adults showed similar fasting ghrelin in both groups, but children had higher ghrelin levels after a standard meal (19) . In light of the infl uence of estradiol on ghrelin, such analyses of males and females together may not adequately identify factors underlying ghrelin secretion. To our knowledge, no studies have investigated changes in ghrelin among AfricanAmerican females from peripuberty through child-bearing age. Considering their greater insulin and estradiol concentrations, investigation among African-American females in particular may provide novel insight into hormonal regulation of ghrelin.
The primary aims of this study were to compare fasting ghrelin and ghrelin response with a standard meal among overweight African-American girls and premenopausal women. Secondary aims were to determine whether circulating ghrelin would relate to insulin and estradiol and compare ghrelin concentrations with ratings of subjective hunger. We hypothesized that levels of ghrelin and hunger would be highest among peripubertal girls, corresponding to lower levels of estradiol and insulin.
Methods

Participants
This cross-sectional investigation was ancillary to 25-week weightloss interventions among African-American girls and adults and involved only baseline data (before the intervention). Participants were 28 overweight girls and 18 overweight premenopausal women. By self-report, all participants were African American. Pubertal status of children was classifi ed by a pediatrician using the criteria of Marshall and Tanner (20) , and girls were categorized as peripubertal (Tanner stages II -IV) or pubertal (Tanner stage V).
Inclusion criteria for adults required body mass index (BMI) > 25 kg/m 2 , stable weight over the previous 6 months within ± 2.3 kg. Exclusion criteria included diabetes or any other medical condition or medication known to affect body composition or glucose metabolism (including contraceptives, cholesterol medications, or blood pressure medications). Inclusion and exclusion criteria were similar for girls, with the exception that BMI percentile was used to determine weight status. All girls were overweight defi ned by > 85th age-specifi c BMI percentile. Details about menstrual cycles of pubertal girls and adults were obtained during phone screens to ensure participants had regular menstrual cycles, and testing was performed during the follicular phase of the menstrual cycle.
Verbal and written consent was obtained from each adult participant. Assent was obtained from children with parents providing consent. The study was approved by the Institutional Review Board for Human Use at the University of Alabama at Birmingham (UAB).
Protocol
Participants were provided with all food for a standard diet (55 % carbohydrate, 18 % protein, 27 % fat) for 3 days before testing. Energy needs were calculated by the General Clinical Research Center (GCRC) Bionutrition Unit using the Harris Benedict formula (21) , with activity factors of 1.30 -1.35. After a 12-h overnight fast, each participant completed a liquid meal test. Fasting blood samples were obtained to determine concentrations of total ghrelin, insulin, glucose, and estradiol. Participants then consumed a standard liquid meal (Carnation Instant Breakfast and whole milk; 7 kcal/kg or 1.75 g carbohydrate/kg lean mass; 58.6 % carbohydrate, 17.4 % protein, 24 % fat) within a 5-min period, and blood was sampled at minutes 15, 60, 90, 120, 180, and 240 for serum ghrelin, insulin, and glucose. At each time point, participants were asked to mark visual analog scales (VAS) to assess subjective hunger, fullness, quantity they could eat, and desire to eat. Each VAS was presented as a 100-mm line anchored between two extreme statements. Continuous variables for VAS measures were obtained by measuring the distance in millimeter to the mark (22) .
Weight was measured by an electronic scale (Scaletronix; Wheaton, IL, USA), and height was measured to the nearest centimeter with a wall-mounted stadio meter (Digi-kit; North Bend, WA, USA). Percent body fat ( % fat) was quantifi ed by dual-energy X-ray absorp tiometry (Lunar iDXA software version 12.3; GE Healthcare, Madison, WI, USA).
Assays
All analyses were performed in the Core Laboratories of UAB ' s GCRC, Nutrition Obesity Research Center (NORC), and Diabetes Research Training Center (DRTC). Serum total ghrelin was measured in duplicate 20-µ L aliquots by enzyme-linked immunoabsorbent assay (ELISA; Millipore Corporation, Billerica, MA, USA).
Serum samples were pretreated with DDP-IV protease inhibitor (Millipore Corporation) and Pefabloc protease inhibitor (Roche Diagnostics, Mannheim, Germany). Mean intra-assay coeffi cient of variation (CV) was 7.10 % , and mean inter-assay CV was 5.98 % for this assay. Insulin was measured in 50-µ L aliquots by immunofl uorescence (TOSOH AIA-600II analyzer; TOSOH Corporation, South San Francisco, CA, USA). Mean intra-assay CV was 1.49 % , and mean inter-assay CV was 4.42 % . Fasting glucose was measured in 3-µ L sera using the glucose oxidase method (StanbioSirrus analyzer; Stanbio Laboratory, Boerne, TX, USA). Mean intra-assay CV was 1.21 % , and mean inter-assay CV was 3.065 % . Fasting estradiol was measured in 75-µ L aliquots by immunofl uorescence (TOSOH AIA-II analyzer; TOSOH Corporation). This assay has a sensitivity of 25 pg/mL and an inter-assay CV of 12.89 % .
Statistical analysis
Continuous variables were log transformed for normality as appropriate (weight, insulin, and glucose). The incremental area under the curve (AUC) was calculated by the trapezoidal method (23) for ghrelin, insulin, glucose, and each VAS score. Absolute ghrelin suppression was calculated as the difference from fasting concentration at each time point. Non-parametric Kruskal-Wallis and Mann-Whitney U-tests were used to compare estradiol between age groups due to non-normal distribution despite log transformation. Analysis of variance (ANOVA) with Bonferroni adjustment was used to identify differences between age groups for other variables and all AUC composites. Differences in ghrelin, insulin, and glucose over the course of the meal test and between groups were also determined by repeatedmeasures ANOVA with Bonferroni corrections. Spearman's correlation coeffi cients were calculated to evaluate relationships among fasting estradiol, ghrelin, insulin, and glucose. Pearson's correlation analyses were used to examine associations between AUC composites. Statistical tests were performed with SPSS software (version 19.0; SPSS Inc., Chicago, IL, USA) and GraphPad Prism (version 5.0; GraphPad, La Jolla, CA, USA). All tests were two-sided with a type I error rate of 0.05.
Results
Participant characteristics and fasting hormone levels are displayed by age group as mean ± SD in Table 1 . Peripubertal girls weighed less than the others, but BMI z-scores and % body fat were similar among the three groups. Estradiol was signifi cantly lower among peripubertal girls compared with pubertal girls (p < 0.001) and women (p = 0.001). Figure 1 shows the time courses of serum ghrelin, insulin, and glucose. Repeated-measures ANOVA showed a main effect of age on ghrelin (p = 0.028), and pairwise comparisons revealed that the age group difference refl ected higher ghrelin among peripubertal girls compared with adults (p = 0.027) (Figure 1 A) . Total AUC also tended to be higher among peripubertal girls vs. adults (p = 0.082). Upon completion of the test (hour 4), ghrelin in adults remained lower than fasting concentrations (p = 0.026), whereas ghrelin in pubertal girls was not different from fasting levels, and 4-h ghrelin tended to be higher than fasting among prepubertal girls (p = 0.056).
A signifi cant effect of time was observed for insulin (Figure 1 B) , indicating a change in insulin from fasting levels over the duration of the meal test. Although pubertal girls had higher fasting insulin than adults (p = 0.015), no main effect of age group across the meal test was identifi ed, nor did total insulin AUC differ between age groups. No differences for serum glucose (Figure 1 C) or any time × group interactions were observed.
Absolute ghrelin suppression by age group at 1 h (A), 2 h (B), and 4 h (C) after the test meal is illustrated in Figure  2 . Suppression was greater among adults relative to peripubertal girls at 1, 2, and 4 h (p = 0.003, p = 0.037, and p = 0.003, respectively) and pubertal girls at hour 4 (p = 0.037). Among all subjects, a trend was observed for an inverse association between fasting estradiol (r = -0.264, p = 0.076). Ghrelin AUC was positively correlated with hunger (r = 0.369, p = 0.012), quantity of food that could be consumed (r = 0.409, p = 0.005), and desire to eat (r = 0.469, p = 0.001).
Discussion
Most studies examining factors that infl uence circulating ghrelin have involved adults of European descent; however, recent evidence suggests that ghrelin may be regulated differently among those of different ethnicities, with European Americans exhibiting greater fasting levels (6 -8) and greater postprandial suppression than other ethnic groups (9, 10) . Little is known about whether stage in the life course infl uences fasting or postprandial ghrelin secretion. Because ghrelin regulation may relate to propensity for obesity and weight regain (4) , this study was designed to characterize age group differences in total serum ghrelin among a cohort of AfricanAmerican females, an understudied group with a high rate of obesity (24, 25) . The primary fi nding of this analysis was higher postprandial ghrelin among peripubertal girls compared with adult women. Moreover, the typical postprandial decline in ghrelin (26) was observed among adults but not among the girls. For all participants, ghrelin response to the standard meal was positively correlated with subjective measures of hunger. In addition, higher ghrelin levels in the peripubertal girls corresponded to reports of greater hunger and desire to eat by that group as well. Physiological differences in ghrelin across the life course may have tremendous implications for establishment of satiety response.
Reasons for higher ghrelin and greater hunger in peripubertal girls are not clear but may be due in part to their lower estradiol. Within our cohort, ghrelin tended to be inversely correlated with estradiol. Ghrelin levels also appeared to decrease across the pubertal transition into adulthood, and ghrelin concentrations among the pubertal girls with higher estradiol were not signifi cantly different than adults. In a previous study of ovariectomized rats, administration of estradiol decreased synthesis and secretion of ghrelin in the rat stomach (14) . Although this represented a supraphysiological dose, it is akin to the infl ux of estradiol characteristic of puberty. In addition, estradiol administration is known to inhibit food intake in rats and mice, and ovariectomized animals typically exhibit hyperphagia (27, 28) . Analogous studies in humans are limited, and results are equivocal with evidence for both decreased (13) and increased (29) circulating ghrelin in response to estradiol therapy. To our knowledge, the relationship between ghrelin and physiological exposure to increased estradiol at puberty has not previously been investigated. Thus, although our data and that of animal studies suggest that higher ghrelin levels among peripubertal girls may relate to lower circulating estradiol, additional studies are needed to further explore this hypothesis.
Although previous studies have not found ghrelin to be associated with linear growth (18, 30) , it is plausible that higher ghrelin levels among the girls before puberty refl ect a normal response to the demands of growth at that age. In addition to its action as an orexigen, ghrelin stimulates growth hormone secretion (31) , and growth hormone is known to be a crucial regulator of somatic growth and growth velocity in children (32) .
In light of reported inverse associations between insulin and ghrelin (11, 12, 33) , we also examined the possibility that differences in insulin contributed to differences in ghrelin between age groups. However, postprandial insulin did not differ with age, and inverse associations between ghrelin and insulin among this cohort did not reach signifi cance. Although our data do not support a role for insulin in mediating higher ghrelin in peripubertal girls vs. women, further study could be advantageous. Taking into account known transient insulin resistance associated with puberty (32) , it T a n n e r I I -I V T a n n e r V A d u lt s T a n n e r I I -I V T a n n e r V A d u lt s T a n n e r I I -I V T a n n e r V A d u lt s Repeated-measures ANOVA revealed higher ghrelin among peripubertal girls compared with adults (p = 0.027 for main effect of age). A trend for higher ghrelin AUC among peripubertal girls compared with adults was also observed (p = 0.082). Postprandial insulin and glucose did not differ between groups.
T a n n e r I I -I V T a n n e r V A d u l t s T a n n e r I I -I V T a n n e r V A d u l t s T a n n e r I I -I V T a n n e r V A d u l t s Women showed greater ghrelin suppression than peripubertal girls at hour 1 (A) and hour 2 (B). Suppression in women was greater than in peripubertal and pubertal girls at 4 h (C) (mean ± SEM, a,b p < 0.05).
is possible that dynamics of the insulin cycle confounded results. Strengths of this study included careful control of food intake for 3 days before the meal test, and robust measures of body composition to ensure that the groups were similar except for age. The study was limited by cross-sectional design, modest sample size, and inclusion of only overweight/ obese participants of African-American ethnicity. This study was a fi rst step in characterizing ghrelin among age and ethnic groups. The next logical steps would include comparisons of females of other ethnicities and across different body habitus, A B C D T a n n e r II -IV T a n n e r V A d u lt s T a n n e r II -IV T a n n e r V A d u lt s 0 5000 10,000
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In conclusion, we identifi ed higher postprandial serum ghrelin, a potent orexigen, among peripubertal AfricanAmerican girls compared with adult African-American women. Understanding underlying determinants of food intake among African-American females is important and clinically relevant, as African-American girls (25) and women (24) have higher rates of obesity than other groups. This disparity becomes apparent before puberty (25) , and obesity established in childhood tends to persist into adulthood (34) . Higher ghrelin levels among peripubertal girls corresponded to greater appetite. Further study is warranted to determine whether higher ghrelin observed among these girls represents a dysregulated satiety response or a physiologically appropriate condition of active growth. If higher ghrelin in peripubertal girls infl uences patterns of food intake that affect long-term body composition trajectories, then future diet interventions to offset the orexigenic effects of ghrelin by improving satiety may be one strategy to counteract metabolic programming of obesity into adulthood.
